Abstract A growing body of research describes cancers other than breast and ovarian in families with BRCA1/2 mutations, but the prevalence and characteristics of pancreatic cancer in these families has not been well described. This study was designed to: (1) estimate the prevalence of pancreatic cancer in BRCA1/2 positive families; (2) ascertain age of onset and gender distribution of pancreatic cancer in this cohort; and (3) compare age and gender characteristics of pancreatic cancer in BRCA1/2 positive families with those of the general population. Within the UCSF Cancer Risk Program cohort, 24/219 (11.0%) BRCA1 and 17/156 (10.9%) BRCA2 families had at least 1 individual with pancreatic cancer. In the 24 BRCA1 families, median age of diagnosis was 59 (range 45-80) in males, and 68 (range 38-87) in females (male:female ratio = 2.00). In the 17 BRCA2 families, median age of diagnosis was 67 (range 39-78) in males and 59 (range 46-81) in females (male:female ratio = 1.11). The SEER database, which describes cancer characteristics in a representative sample of the US population, reports a median age of 70 in males and 74 in females (male:female ratio = 0.96) over the same time period. Additionally, mean ages of diagnosis of pancreatic cancer in BRCA1/2 families differ significantly from the SEER mean (P = 0.0014 for BRCA1 and P = 0.011 for BRCA2 by unpaired t-test). Our findings suggest that families with early onset pancreatic cancer and features of hereditary breast and ovarian cancer should be considered for BRCA1/2 testing.
Introduction
Although most pancreatic cancer is sporadic, 5-10% of cases show familial clustering, and in twin studies heritable factors account for up to 36% of pancreatic cancer risk [1] . Carriers of BRCA1/2 mutations, who are at very high risk for hereditary breast and ovarian cancer [2, 3] , also face an increased risk of pancreatic cancer compared with the general population. For BRCA1 carriers, this relative risk (RR) is estimated to be 2-fold higher (RR = 2.26, 95% CI 1.26, 4.06) [4] . For BRCA2 carriers, this relative risk is approximately 3-to 4-fold higher (RR = 3.51, 95% CI 1.87, 6.58) [5] . Epidemiologic studies [4] [5] [6] , as well as a study examining BRCA2 loss of heterozygosity in pancreatic cancer tissue [7] , have established a reliable link between BRCA2 carriers and an increased pancreatic cancer risk. For BRCA1 carriers, the association with increased pancreatic cancer risk is not as well defined. A recent observational study, however, suggests that some BRCA1 families may have an increased predisposition to pancreatic cancer [8] .
Prior studies of pancreatic cancer risk in BRCA1/2 carriers are limited by small numbers of pancreatic cancer outcomes, retrospective data collection, and incomplete verification of pancreatic cancer. We attempted to mitigate these limitations by systematically examining the prevalence of pancreatic cancer in a large cohort of families with BRCA1 and BRCA2 mutations. Because of increasing evidence suggesting that BRCA1/2 carriers are predisposed to a number of different cancers [5, 9, 10] , our program has carefully assessed for, and verified pancreatic cancer histories in all probands and their relatives over the last 8 years. The purpose of this study is to estimate the prevalence of pancreatic cancer in BRCA1/2 positive families and to characterize the presentation of pancreatic cancer in these families.
Materials and methods

Cancer risk program and study population ascertainment
The Cancer Risk Program (CRP) at the University of California, San Francisco (UCSF) is a clinical and research program that provides cancer risk assessment and recommendations, including genetic counseling and testing, to families at high risk of hereditary cancer. Population characteristics of the CRP have been described elsewhere [11] . Approximately two-thirds of CRP patients are referred by oncologists and surgeons, and about one-third of CRP patients are either self-referred or are referred by primary care providers and gynecologists.
All patients referred to the CRP are mailed a detailed questionnaire about their family history and potential risk factors for cancer, which they are instructed to bring to their first visit. At the initial ''intake and education'' visit, each patient receives education about hereditary cancers, a review of the baseline questionnaire, and a detailed 3-4 generation pedigree collected by a genetic counselor. A thorough assessment of cancer risk is provided at the second visit, and BRCA1/2 testing, when appropriate, is offered at that time. Test results are disclosed at the third visit, typically 1 month after the second visit. Research participants receive follow-up by phone, in person, and by mailed questionnaires. Prospective and retrospective cancer diagnoses are confirmed with pathologic reports or medical records, when available. Deaths are confirmed by death certificates and/or medical records.
For this study, we reviewed the pedigrees of all research participants with a positive BRCA1/2 test between August 1998 and August 2006. This review identified BRCA1/2 positive families and individuals with pancreatic cancer within first-, second-, and third-degree relatives of known BRCA1/2 carriers. The median year of diagnosis of pancreatic cancer for these individuals was 1992 (range 1945-2004) . The age of diagnosis of pancreatic cancer, and the gender, for these individuals was confirmed by a review of available medical records, including death certificates and pathology reports.
BRCA1/2 mutation carrier designation
We classified the BRCA1/2 mutation carrier status of each individual with pancreatic cancer as definite (100% probability), very probable (91-99% probability), probable (50-90% probability), or \50% probability. Definite carriers included individuals who tested positive for a known BRCA1/2 mutation or those who were obligate carriers (directly in the line of descent between 2 known BRCA1/2 mutation carriers). Very probable carriers, probable carriers, and \50% carriers were classified according to their prior probability of carrying a BRCA1/2 mutation as determined by BRCAPRO software (http://astor.som. jhmi.edu/BayesMendel/brcapro.html) [12] . Some limitations of this software include its inability to assess relatives beyond second-degree and to apply clinical judgment to pedigree reading and analysis. Individuals with pancreatic cancer and a prior probability of carrying a BRCA1/2 mutation of \50% were excluded from further analyses.
Statistical analysis
Pancreatic cancer prevalence, age of diagnosis, and gender characteristics were summarized using means, standard deviations, medians, ranges, and ratios. Unpaired t-tests with 2-tailed analyses were used to compare the mean ages of diagnosis of pancreatic cancer in BRCA1 and BRCA2 carriers to data from the SEER database [13, 14] .
Results
Prevalence and mutation frequencies
Of the 1,312 families who received BRCA1/2 testing during the study period, 219 families had a deleterious mutation in BRCA1, and 156 families had a deleterious mutation in BRCA2. Of the 219 BRCA1 positive families, 24 (11%) had at least 1 relative with pancreatic cancer, including 6 families (2.7%) with more than 1 relative diagnosed with pancreatic cancer. Of the 156 BRCA2 positive families, 17 (11%) had at least 1 relative with pancreatic cancer, including 1 family (0.6%) with more than 1 relative diagnosed with pancreatic cancer (Fig. 1) . From these BRCA1/2 families, 4 individuals with pancreatic cancer were definite carriers, 12 were very probable carriers, and 33 were probable carriers. Nine individuals were excluded from age and gender analyses because their probability of carrying the family mutation was \50% ( Table 1) .
The most common BRCA1 mutation in families with pancreatic cancer was the 187delAG mutation (n = 10, 42% of BRCA1 families), and the second most common was the 5382insC mutation (n = 3, 13% of BRCA1 families), both Ashkenazi Jewish founder mutations [15, 16] . The most common BRCA2 mutation in the study population was the 6174delT mutation (n = 10, 59% of BRCA2 families), another Ashkenazi Jewish founder mutation. The proportion of BRCA1/2 families with pancreatic cancer that carry 1 of the 3 Ashkenazi Jewish founder mutations (56.1%) is considerably higher than the proportion of BRCA1/2 families without pancreatic cancer (31.3%).
Characteristics of pancreatic cancer in BRCA1 and BRCA2 families Within BRCA1 families, the mean age of diagnosis of pancreatic cancer was 62.9 (standard deviation 12.0) with a median age of 59 (range 45-80) in males and 68 (range 38-87) in females (male:female ratio = 2.00). Within BRCA2 families, the mean age of diagnosis of pancreatic cancer was 62.9 (standard deviation 11.7) with a median age of 67 (range 39-78) in males and 59 (range 46-81) in females (male:female ratio = 1.11). These data are summarized in Table 2 along with comparison data from the National Cancer Institute SEER database. Analysis of the data shows that the mean ages of diagnosis of pancreatic cancer in BRCA1 and BRCA2 families are significantly younger than the population mean (P = 0.0014 for BRCA1 and P = 0.011 for BRCA2).
Pedigrees of BRCA1 and BRCA2 families with pancreatic cancer
Within our study population, representative BRCA1 and BRCA2 family pedigrees are presented in Figs. 2, 3 , respectively. In Fig. 2 , there are 2 family members with pancreatic cancer (III-2 and III-3) but only the male was tested and found to carry the BRCA1 (187delAG) family mutation, making him a definite mutation carrier. The probability that his sister (III-3) carried a BRCA1 mutation is [90% using BRCAPRO software. The face validity of this estimate is high, given the known family mutation and her confirmed young age at ovarian cancer diagnosis. This sister was classified as a very probable carrier. This pedigree exemplifies the young age of pancreatic cancer onset in BRCA1 positive men. It also illustrates the ''competing mortality'' of breast and ovarian cancer in many of the female relatives.
In Fig. 3 , there is 1 family member with pancreatic cancer (II-2) who is in the direct line of descent between 2 groups of family members with the same BRCA2 (6174delT) mutation, carried by her children (III-2 and III-3) and a half-niece (III-6). This places the proband (II-2) as an obligate carrier, thus classified as a definite carrier. This pedigree shows, again, a young age at pancreatic cancer diagnosis, and competing mortalities of breast and ovarian cancer in female relatives.
Discussion
A number of studies have shown that the third most common cancer associated with BRCA1/2 mutations is pancreatic cancer [15] . This study is the largest to date examining pancreatic cancer as the primary outcome in families with BRCA1/2 mutations. In our retrospective cohort, approximately 11% of families with BRCA1/2 mutations had at least 1 relative with pancreatic cancer, consistent with previously published reports [8, 16] .
The population characteristics of BRCA1/2 mutation carriers with pancreatic cancer differed from those of individuals with pancreatic cancer in the general population. Generally, individuals with pancreatic cancer from families with known BRCA1/2 mutations were younger, and in BRCA1 families, showed a 2:1 male:female ratio. This ratio in BRCA1 families differs from SEER data, which shows a 0.96:1 male:female ratio. One possible explanation for the predominance of pancreatic cancer in males in BRCA1 families is the competing mortality for breast and ovarian cancer in their female relatives [17, 18] . The risk of ovarian cancer in BRCA1 families is estimated to be as high as 66%, as compared with 27% in BRCA2 families. The aggressive nature of the disease may contribute to a significantly increased risk of mortality in BRCA1 positive women [19] . For this reason, we believe that recommendations for genetic testing to members of a family with a strong breast and ovarian cancer history should also include male relatives, as they represent an understudied group of at-risk individuals.
In most BRCA1/2 testing programs, less than 10% of the individuals tested are men, even though there is an equal gender distribution in the population of male and female BRCA1/2 carriers. Because an estimated 500,000 Americans carry BRCA1 mutations alone [20] , the populationattributable risk of cancer in both male and female BRCA1/ 2 carriers is significant. Also, a growing number of studies show that BRCA1/2 families are affected by cancers other than breast and ovarian [5, 9, 10] , and males are likely to be the group most at-risk for these cancers.
As BRCA1/2 testing becomes more widely utilized, particularly in people unaffected by cancer, it is important to inform carriers that they are at risk for early cancer detection. The importance of screening for early cancer detection is growing given the general aging of the population coupled with improvements in treating other chronic diseases such as heart disease and diabetes. These factors contributing to increased longevity make it more likely that BRCA1/2 mutation carriers will develop other cancers, such as pancreatic, in their advanced age. While data support early screening for breast and ovarian cancer in BRCA1/2 carriers [21] , pancreatic cancer screening is not currently recommended outside of research protocols [22] . We agree that any screening program should be conducted in a research setting and that patients should be educated about not only the procedure-related risks of screening but also the risks associated with the work-up of false positive results.
The observational nature of this study only allows conclusions based on associations and thus, this study (and others of similar design), can not claim a causative link between BRCA1 and BRCA2 mutations and pancreatic cancer. Also, as 56% of the study population is of Ashkenazi Jewish ancestry it is unclear to what extent the conclusions of this study are applicable to the general population. Finally, most patient referrals for BRCA testing came from gynecology and breast clinics so there may be a referral bias toward breast and ovarian cancers.
However, these limitations only highlight the fact that the 11% prevalence in this study is most likely an underestimate of the true prevalence of pancreatic cancers in BRCA1 and BRCA2 families. This study also excluded pancreatic cancer patients with sequence variants of unknown significance which may later be found to be pathologic [23] . This may further underestimate the prevalence found in this study. Also, there may be other unknown factors that place BRCA1/2 carriers of Ashkenazi Jewish ancestry at an even more elevated risk based on the findings of this study. This relationship has been proposed in a paper studying germline BRCA2 mutations in Ashkenazi Jewish patients with pancreatic cancer [24] and may warrant further investigation.
In conclusion, we found that pancreatic cancer differentially affects males in BRCA1/2 families and that males represent an underrepresented at-risk population outside of the usual population referred for BRCA1/2 testing. We recommend that males in families with a strong history of breast, ovarian, and pancreatic cancer be considered for BRCA1/2 testing along with their female relatives.
